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PREFACE 
There a r e  growing concerns  t h a t  human a c t i v i t i e s  may l e a d  
t o  g l o b a l  c l i m a t i c  changes.  P a r t i c u l a r  concern i s  a s s o c i a t e d  
wi th  t h e  r e l e a s e  of carbon d iox ide  i n t o  t h e  atmosphere,  i n  t h e  
f u t u r e  above a l l  from t h e  burning o f  c o a l .  Q u e s t i o n s  of t h e  
phys i ca l  e f f e c t s  of d i f f e r e n t  energy p o l i c i e s  on c l i m a t e  have 
been i n v e s t i g a t e d  du r ing  t h e  l a s t  few y e a r s  under IIASA's Energy 
Systems Program. More r e c e n t l y ,  r e sea rch  i n  t h e  Resources and 
Environment ( R E N )  Area of  IIASA has focused on t h e  r e l a t i o n s h i p s  
of shor t - te rm c l i m a t i c  v a r i a b i l i t y  and longer  t e rm c l i m a t i c  change 
t o  human a c t i v i t i e s ,  . fo r  example, i n  t h e  a g r i c u l t u r a l  s e c t o r .  I n  
March of  1980, in formal  d i s c u s s i o n s  arn.ong Jesse Ausubel, and 
Ingol f  ~ t % h l ,  John Lathrop and J e n n i f e r  Robinson o f  t h e  Management 
and Technology (MMT) Area l e d  t o  t h e  i d e a  t h a t  gaming might o f f e r  
an i n t e g r a t i v e  method f o r  s tudy  of  t h e  o v e r a l l  problem, from 
causes ,  through p h y s i c a l  changes,  t o  environmental ,  economic, 
and s o c i e t a l  e f f e c t s .  A t  p r e s e n t  a c o l l a b o r a t i v e  e f f o r t  i s  under- 
way between REN and MJlT t o  develop two p ro to type  games, one a board 
game wi th  p r i m a r i l y  an e d u c a t i o n a l  purpose,  and one an i n t e r a c t i v e  
computer game which i s  seen  p r i m a r i l y  a s  a r e s e a r c h  t o o l .  The 
o v e r a l l  p r o j e c t  is  desc r ibed  i n  a Working Paper e n t i t l e d  "Carbon 
and Climate Gaming" (CVP-80-152). Another Working Paper ,  "C02: An 
I n t r o d u c t i o n  and P o s s i b l e  Board Game" (WP-80-153), o u t l i n e s  t h e  
C02 problem i n  s imple  t e r m s  and d e s c r i b e s  a b a s i c  framework f o r  
a board game. This  Working Paper d e s c r i b e s  t h e  p r e s e n t  s t a t u s  of  
t h e  work on one e s s e n t i a l  p a r t  of  t h e  computer game. 
ABSTRACT 
A question of great interest in assessing future energy 
options is whether the burning of carbon, in the future mainly 
coal, will continue increasing so that the level of C02 in the 
atmosphere rises significantly, perhaps doubling by the middle 
of the next century. It is widely believed that such an increase 
in atmospheric C02 would lead to an unprecdented warning of the 
earth's climate and possibly severe consequences for the economy 
and environment. A project, called Carbon and Ciimate Gaming, 
has recently been started at the International Institute for 
Applied Systems Analysis to examine this issue. An important p a t  
of the project deals with the construction of a computer-based 
game focused on the extraction, trade, and burning of coal during 
the next half century. The game aims at investigating whether 
different nations will pursue independent myopic energy policies, 
leading to a potential "tragedy of the commons," or whether there 
will be some sort of international cooperation to avoid drastic 
climatic chanqes. 
For the game it is important to have forecasts of how the 
costs of extracting coal will develop in various countries over 
time, dependent on both the actual and the cumulative production 
quantities. Since these cost functions should appear reasonable 
to the players of the game it is desirable that the players them- 
selves can, in a short time, construct or revise these functions. 
This can be done by the computer dialogue system presented here. 
By answering approximately thirty questions a player determines 
the parameters of the cost model. Since the player continuously 
obtains feedback about the implications of his answers and then 
can revise them, the dialogue can continue until the player ob- 
tains a total cost function that appears reasonable. 
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1 .  INTRODUCTION 
~t IIASA, t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems 
~ n a l y s i s ,  t h e r e  has  been c o n s i d e r a b l e  r e s e a r c h  i n  t h e  f i e l d  of  
energy.  Among t h e  many t o p i c s  covered a r e  t h e  f u t u r e  u s e  
o f  c o a l  and t h e  r e l a t i o n  be tweenca rbond iox ide  emiss ion  from 
t h e  combustion o f  c o a l  and changes i n  c l imate .*  One q u e s t i o n  
i s ,  what would be t h e  e f f e c t s  on t h e  c l i m a t e  i f  t h e  C 0 2  con- 
t e n t s  i n  t h e  atmosphere were doubled? 
Some of  t h e  r e s e a r c h  has  i n d i c a t e d  t h a t  such  a  doubl ing  o f  
C 0 2  might t a k e  p l a c e  a l i t t l e  more t h a n  h a l f  a c e n t u r y  from now, 
due mainly t o  t h e  p o s s i b l e  r a p i d  i n c r e a s e  i n  t h e  combustion of  
c o a l .  I t  could  p o s s i b l y  l e a d  t o  a  g e n e r a l  i n c r e a s e  o f  g l o b a l  
t empera tu re  of  a  couple  o f  d e g r e e s ,  l e a d i n g ,  e . g . ,  t o  a  sub- 
s t a n t i a l  change i n  c o n d i t i o n s  f o r  a g r i c u l t u r a l  p roduc t i on  i n  
some c o u n t r i e s .  I t  s h o u l d ,  however, be s t r e s s e d  t h a t  t h e r e  i s  
s t i l l  a  g r e a t  u n c e r t a i n t y  bo th  r e g a r d i n g  how much c o a l  w i l l  be 
cornbusted and what t h e  e f f e c t s  w i l l  be o f  v a r i o u s  l e v e l s  o f  
C O ~  emiss ions .  
A p r o j e c t  w i t h  a  new focus  on t h e s e  two i s s u e s  h a s  r e c e n t -  
l y  been s t a r t e d  a t  IIASA: Carbon and C l ima te  gaming. 
The p r o j e c t  i s  a  j o i n t  e f f o r t  by Jesse Ausubel ,  John 
La throp ,  J e n n i f e r  Robinson and t h e  a u t h o r .  The f i r s t  s e c t i o n  
of  t h i s  p a p e r i n p a r t i c u l a r  re l ies  h e a v i l y  on t h e  i n p u t  o f  t h e  
o t h e r  members o f  t h i s  team. 
* 
For example, see I I A S A  1981 f o r  a g e n e r a l  su rvey  of  IIASA 
energy r e s e a r c h .  For s p e c i f i c  i n fo rma t ion  on C 0 2  see 
wl l l i ams  1978 andon  c o a l  s e e  Grenon 1979. 
The p r o j e c t  aims a t  p roduc ing  two games: One board  game 
w i t h  a  wide e d u c a t i o n a l  purpose  and one computer game. 
A t  l e a s t  i n  i t s  more developed s t a g e s ,  t h e  computer game 
w i l l  b e  a  r e s e a r c h  t o o l  i n t e n d e d  t o  r a i s e  and t o  g i v e  some 
v e r y  p r e l i m i n a r y  answers  t o  s p e c i f i c  q u e s t i o n s  a b o u t  t h e  CO 
i s s u e .  For  example,  w i l l  p o t e n t i a l l y  t h r e a t e n i n g  l e v e l s  of  2 
C02 b e  c r e a t e d  o r  n o t ?  What i s  a  l i k e l y  r a n g e  o f  t o t a l  
accumula ted  CO e m i s s i o n s ?  I f  c r e a t e d ,  what  k ind  o f  a  g l o b a l  
market  d o e s  a  $0 problem presuppose?  W i l l  it be p o s s i b l e  f o r  
t h e  b i g  c o a l  p ro2uc ing  n a t i o n s  t o  form and e n f o r c e  some s o r t  
o f  c a r t e l ?  A s  t h e  a t m o s p h e r i c  C 0 2  c o n t e n t  i n c r e a s e s ,  w i l l  t h e  
i n t e r e s t  become s t r o n g e r  i n  c o n t r o l  s t r a t e g i e s  and w i l l  s t r a t -  
e g i e s  of  r e d u c i n g  ca rbon  e x t r a c t i o n ,  t r a d e  o r  e m i s s i o n s  b e  p re -  
f e r r e d ?  An i m p o r t a n t  q u e s t i o n  is whether  t h e r e  a r e  i n s t i t u -  
t i o n a l  s c e n a r i o s  ( t r e a t i e s ,  c a r t e l s  and s o  f o r t h )  which w i l l  
h e l p  t o  a v o i d  t h e  "Tragedy o f  t h e  Commons" outcome o f  t h e  C 0 2  
problem. 
Obvious ly ,  t h e a n s w e r s t o  t h e s e  q u e s t i o n s  w i l l  b e  dependent  
on t h e  s p e c i f i c  c h a r a c t e r o f t h e  game, i n c l u d i n g  t h e  d a t a  b a s e  
used.  However, t h e  game w i l l  b e  o r i e n t e d  toward i n d i c a t i n g  
what s c e n a r i o s  a r e  more l i k e l y  g i v e n  v a r i o u s  i n f o r m a t i o n  and 
i n s t i t u t i o n a l  a r rangements .  The q u e s t i o n s  and t h e  t e n t a t i v e  
answers w i l l  be i n t e n d e d  main ly  t o  s e r v e  a s  a b a s i s  f o r  f u t u r e  
d i s c u s s i o n s  b o t h  w i t h  r e g a r d  t o  what k i n d  o f  r e s e a r c h  i s  most 
u r g e n t l y  needed and which outcome s c e n a r i o s  are a c c e p t a b l e  t o  
v a r i o u s  i n t e r e s t e d  g roups .  
The computer game f o c u s e s  on c o a l ,  t r a d e  and many c o u n t r i e s .  
Why Coal:  The main c a u s e  o f  t h e  problem i n  t h e  l o n g  r u n  a s  
r e g a r d s  t h e  r e l e a s e  o f  carbon d i o x i d e  i s  t h e  b u r n i n g  o f  c o a l .  
Coal  i s  l i k e l y  t o  a c c o u n t  f o r  t w o - t h i r d s  o r  more o f  t h e  e m i s s i o n s  
i n  a  s c e n a r i o  o f  s e r i o u s  c l i m a t i c  change. I n  f a c t ,  p r e s e n t  es t i -  
mates  o f  t o t a l  r e s o u r c e s  o f  o i l ,  g a s ,  c o a l ,  and o t h e r  forms o f  
carbon i n d i c a t e  t h a t  a t m o s p h e r i c  carbon d i o x i d e  l e v e l s  r e g a r d e d  
by some e x p e r t s  a s  c r i t i c a l  ( f o r  example, a  d o u b l i n g  o f  t h e  p r e s -  
e n t  l e v e l  w i t h i n  t h e n e x t  c e n t u r y )  can  o n l y  be reached  by v e r y  
s u b s t a n t i a l  b u r n i n g  of c o a l . *  O t h e r  ca rbon  r e s o u r c e s  a r e  s imply  
n o t  a v a i l a b l e  i n  l a r g e  enough q u a n t i t i e s .  Because c o a l  p l a y s  
t h i s  c r i t i ca l  rale i n  t h e  C 0 2  i s s u e ,  it i s  l o g i c a l  t o  b e g i n  
game development w i t h  emphasls  on c o a l .  
why Trade? About 80% of  t h e c o a l  d e p o s i t s  o f  t h e  wor ld  
a r e  i n  t h e  hands of  t h r e e  biq c o u n t r i e s :  The USSR, t h e  USA, 
and China.  Thus, i n  d i s c u s s i n g  p o s s i b l y  dangerous  l e v e l s  o f  
C 0 2 r  one can  conc lude  i n  t h e o r y  t h a t  i f  t h e s e  t h r e e  l a r g e  
p l a y e r s  do n o t  e x p o r t  any c o a l  and a l s o  keep t h e i r  own c o a l  
combust ion low, a  s e v e r e  C 0 2  e m i s s i o n  problem w i l l  n o t  a r i s e .  
However, by f a r  t h e  l a r g e s t  p a r t  o f  f u t u r e  p o t e n t i a l  c o a l  
combust ion l i e s  i n  t h e  wor ld  o u t s i d e  of  t h e s e  t h r e e  p l a y e r s .  
Much o f  t h i s  c o a l  would come from i m p o r t s  o v e r  a  l o n g  p e r i o d  
o f  t i m e .  Hence, t h e  main C 0 2  e m i s s i o n  t h r e a t  a r i s e s  from 
s c e n a r i o s ,  l i k e  t h e  one  t h a t  can  be p r o j e c t e d  from t h e  r e c e n t  
MIT world Coal  S tudy ,  ( 1 9 8 0 ) ,  where rough ly  a  t e n - f o l d  i n c r e a s e  
*See Tab le  1 ,  Appendix B (p .  21 1 .  
~c world c ~ z l  trade 1s e n v ~ s a ~ e d .  The trade in coal 1 s  als3 of 
interest in connection with different schemes of international 
cooperation to reduce or prevent C02 emissions. The possibility 
for the larger countries to limit supplies of coal either on the 
world market or to specific countries can give "teeth" to attempts 
at enforcing international trade in coal. This feature is impor- 
tant when discussing whether coal prices will be cartelistic and 
thus high, discouraging the use of coal, or more formed by compe- 
tition and thus cost-based, possibly leading to a rapid increase 
in combustion. The game will attempt to capture the essential 
aspects of a world coal market as it relates to the C 0 2  problem 
while avoiding the considerable complexities of a detailed 
market simulation. 
Why Many Countries? The computer game will try to re- 
present a world where many countries, acting independently, 
affect the problem. The first reason for this is that a major 
portion of energy consumption will be taking place outside of 
the three big countries in a great many smaller countries. 
These can act independently and use this independence to their 
own advantage. Secondly, even if the three big players account 
for around 80% of total coal resources, the resources of some 
smaller holders are large from an absolute point of view. 
Around a dozen countries have probable resources that alone 
could lead to a level of emissions of the same size as total 
global emissions during the whole of the last decade.* 
Ultimately, one would probably wish to include about twenty 
countries of different sizes to catch fully the strategic 
problem. If we limit ourselves to only a handful of actors in 
all phases of development of the game, we would exclude certain 
scenarios where international cooperation is impeded by the 
actions of several relatively small countries. 
The playing of this game would take place both at IIASA 
and outside IIASA, first with scientists, and then with visitors 
in connection with IIASA workshops on related topics, such as 
energy policy, environmental protection, etc. Outside of IIASA, 
the game would be played with interested groups of people from 
government, industry and academic communities of various coun- 
tries. 
In order to have the computer game played frequently with 
such persons engaged in energy policy it must be of a convenient 
duration, for example 3 hours. Allowing for about ten rounds 
in a game, each round, therefore, calls for only a small number 
of decisions by each player. The actions of each  layer at 
each round of the game includemainly a coal extraction decision, 
a coal trade decision (supply or demand), a decision on the 
total amount of energy consumed (implying a certain level of 
C02 emission), and a decision relating to emission control. 
After market clearing calculations at the end of each round, 
players are informed about the price of coal, their status 
as regards coal extraction and coal trade, their own C02 
emission in theworld, as well as their present "welfare" 
measured in the form of an index. In the early stages of the 
game, welfare would be largely a function of the size of coal 
combustion. In the later stages of the game, however, effects 
of global environmental change would begin significantly to 
--- 
*See Table 2, Anpendix B ( p .  22 . 
affect in varying ways the welfare of individual players, 
depending on the accumulated level of atmospheric C02. 
The construction of the computer-based game is to 
take place in several stages. In the first versions of the 
game there would only be human players involved. Since the 
game has to be administratively simple only a limited number 
of human players can participate. Thus, less than ten countries 
can be studied in such a manual game. This limitation causes 
an important problem, since, as noted above, we are ultimately 
interested in studying a world with many more countries acting 
independently. A preliminary plan for taking care of this 
problem is to design a game which can take advantage of the 
cumputer's capacity to simulate additional players. This 
computer-based game might thus have the following form. 
It would include the three big countries (USSR, USA, China) 
and four smaller countries. The roles of these seven countries 
would be played by humans. Besides this, the playing of some 
ten or more countries would be simulated by the computer. 
These "robot players1' would act partly in the way that 'the 
four smaller-country human players acted earlier in this game 
or in previous games. The important thing is that the action 
of each small player will, at the moment, seem to him not to 
be significant to the total outcome. 
2. REASONS FOR THE INTERACTIVE SYSTEM 
AS mentioned, one of the fundamental aspects of the game 
is to focus on the price of coal, which to a large extent will 
be dependent on the coal extraction cost functions of the 
various countries. For instance, the question of whether a coal 
cartel can develop or not will be dependent on whether small 
countries can fairly rapidly expand their output. Whether this 
in turn is feasible will depend on how steeply the coal extrac- 
tion costs of these countries rise with increasing extraction. 
Hence it appears reasonable to devote a significant share of 
our game construction efforts to the estimation of the coal 
extraction cost functions. 
It should be stressed that these estimates are of a 
special nature for several reasons. 
The forecasts are very long term. The game will concern 
at least fifty years of time since it is after the year 2000 
that the total C02-contents in the atmosphere could possibly 
reach such levels that there could be a significant impact on 
human conditions. 
We need, as mentioned, estimates for several (roughly a 
score of) individual countries. 
The forecasts have to be functions, i.e., dependent not 
only on time, i.e., year of extractior~, but also on the 
quantity extracted. These forecasted functions are made for 
the specific purpose of the game outlined above. If they also, 
as a byproductlare of interest independent of the game it 
would be welcome, but not specially strived for. 
I n  t h e  game one  c a n  i n  p a r t i c u l a r  e n v i s a g e  t h e  f o l l o w i n g  
u s e s  o f  t h e s e  c o a l  c o s t  e x t r a c t i o n  f u n c t i o n s .  
a )  F o r  t h e  c o m p u t a t i o n  i n  e a c h  round  o f  t o t a l  r e s u l t s  
d u e  t o  t h e  d e c i s i o n  on a  s p e c i f i c  c o a l  e x t r a c t i o n  q u a n t i t y .  
T h i s  i s  o b v i o u s l y  t h e  mos t  i m p o r t a n t  u s e  o f  t h e  f u n c t i o n .  
The computer  would ,  on t h e  b a s i s  o f  c o a l  e x t r a c t i o n ,  c o a l  
t r a d e  and  c o a l  b u r n i n g  compute t h e  change  i n  w e l f a r e  l e v e l  
(some s o r t  o f  a d j u s t e d  GNP) f o r  t h e  c o u n t r y .  
b )  Fo r  i n f o r m a t i o n  t o  e a c h  p l a y e r  i n  e a c h  round  p r i o r  t o  
making h i s  d e c i s i o n  on  c o a l  e x t r a c t i o n .  Each p l a y e r  c o u l d  t h e n  
from t h e  compu te r  o b t a i n  a  t a b l e  i n d i c a t i n g  what  h i s  t o t a l  
e x t r a c t i o n  c o s t  would b e  a t  v a r i o u s  l e v e l s  o f  e x t r a c t i o n .  
c )  F o r  i n f o r m a t i o n  t o  e a c h  p l a y e r  a t  t h e  s t a r t  o f  t h e  
game. A s  d i s c u s s e d  f u r t h e r  be low,  t h e  e x t r a c t i o n  cos ts  
depend on  how w e l l  t h e  coal seams are l o c a t e d .  T h i s  i n  t u r n  
d e p e n d s  on how much c o a l  h a s  b e e n  e x t r a c t e d  u p  t o  t h e  t i m e  
o f  t h e  d e c i s i o n .  Hence t h e  mos t  s u i t a b l e  form o f  r e p r e s e n t i n g  
f u t u r e  c o a l  costs  a p p e a r  t o  b e  t o  p r o j e c t  how e x t r a c t i o n  c o s t s  
d e v e l o p ,  g i v e n  a n  i n i t i a l  m i n i n g  q u a n t i t y  ( f o r  1 9 8 0 )  and  a  
f i x e d  a n n u a l  p e r c e n t a g e  change  ( p o s s i b l y  0 )  o f  t h e  e x t r a c t i o n  
r a t e .  
S i n c e  t h e  game d e a l s  w i t h  a  k i n d  o f  s c e n a r i o  g e n e r a t i o n  it 
i s  o b v i o u s  t h a t  t h e  d e m a n d s f o r p r e c i s i o n  and  a c c u r a c y  c a n n o t  
b e  v e r y  s t r o n g .  S i n c e  w e  d e a l  w i t h  v e r y  l o n g  t e r m  f o r e c a s t s  
a l l  f i g u r e s  w i l l  r e a l l y  o n l y  b e  a t  b e s t  " g u e s t i m a t e s " .  
One s h o u l d  i n  t h i s  c o n n e c t i o n  remember t h a t  a l s o  i n  r e a l i t y  
many l o n g  t e r m  e n e r g y  d e c i s i o n s  a r e  b a s e d  on some k i n d  o f  
" g u e s t i m a t e s " .  
I n  f a c t  w e  b e l i e v e  t h a t  o n e  o f  t h e  m o s t  i m p o r t a n t  t h i n g s  
i s  t h a t  t h e  p l a y e r s  c o n s i d e r  t h e s e  f o r e c a s t s  t o  b e  r e a s o n a b l e .  
AS ment ioned  a b o v e ,  w e  p l a n  t o  have  t h e  game p l a y e d  w i t h  v a r i o u s  
e n e r g y  e x p e r t s .  Many o f  them w i l l  p r o b a b l y  h a v e  t h e i r  own 
i d e a s  o f  what  c o n s t i t u t e s  a  r e a s o n a b l e  f o r e c a s t ,  i n  p a r t i c u l a r  
i f  t h e  e x p e r t  p l a y s  t h e  r o l e  o f  h i s  own c o u n t r y .  I f  t h e s e  
p l a y e r s  a r e  t h e n  n o t  a t  e a s e  w i t h  t h e  c o s t  f o r e c a s t s  g e n e r a t e d  
by t h e  model ,  t h e  p l a y e r s  m i g h t  v e r y  w e l l  b e  less s e r i o u s  t h a n  
o t h e r w i s e .  The p l a y i n g  o f  t h e  game m i g h t  t h e n  l o s e  much o f  
i t s  v a l u e  a s  a  r e s e a r c h  i n s t r u m e n t .  Because  o f  t h i s  w e  r e g a r d  
it e s s e n t i a l  t h a t t h e p a r t i c i p a n t s  i n  t h e  game have  a  p o s s i b i l i t y  
t o  make t h e i r  own c h a n g e s  o f  t h e  c o s t  model  p r i o r  t o  t h e  
a c t u a l  p l a y i n g  o f  t h e  game. 
These  r e q u i r e m e n t s o b v i o u s l y  make it i m p o s s i b l e  d i r e c t l y  t o  
u s e  c o s t  f o r e c a s t s  p roduced  by o t h e r s .  F i r s t  o f  a l l ,  t h e  
r e q u i r e m e n t  t o  g i v e  t h e  p a r t i c i p a n t s  a  p o s s i b i l i t y  t o  change  
t h e  f u n c t i o n s  makes it i m p o r t a n t  t o  have  an  i n t e r a c t i v e  model .  
F u r t h e r m o r e ,  o u r  demand f o r  l o n g  t e r m  f o r e c a s t s  g e n e r a l l y  
i n v o l v e s  a  l o n g e r  v i ew t h a n  mos t  o t h e r  c o a l  s t u d i e s .  T h i s  d o e s  
n o t ,  however ,  mean t h a t  t h e s e  o t h e r  c o a l  s t u d i e s  a r e  n o t  i m p o r t a n t  
t o  u s .  R a t h e r  t h e s e  would c o n s t i t u t e  o n e  o f  t h e  s o u r c e s  o f  
i n f o r m a t i o n  f o r  t h e  model .  I n  t h i s  c o n n e c t i o n  w e  want  t o  men t ion  
i n  p a r t i c u l a r  t h e  a v a i l a b l e  d a t a  b a s e  a t  IIASA on c o a l  e x t r a c t i o n  
c o s t s ,  g a t h e r e d  by t h e  WELMM g r o u p  i n  c o n n e c t i o n  w i t h  I IASA's  
Energy  Systems Program. 
Another source of data for the model would be various 
experts. Above we mentioned the possibility of letting the 
players in the game alter the cost functions. We should also 
aim at involving other experts in constructing cost functions 
independently of the playing of the game. Since we deal with 
possibly twenty countries, it is not reasonable to have only 
one single or a couple of scientists develop the data. Rather 
one would try to involve a great many experts from various 
countries. Many such persons are likely to pass through IIASA' 
over the time span of a year. 
Both of these two activities, the modification of the 
model by the players as well as the actual construction of 
"best possible guestimatesW--by experts from various countries, 
point at the need for a'computer dialogue system. As regards 
the possibility of letting the players change the model prior 
to the playing of the game,only a computer dialogue can make 
it possible to get the new input right into the game. This 
is necessary since the kind of people we want to involve in 
a game may only be available for an evening of game playing. 
AS regards the collection of "guestimates" from the experts, 
we obviously aiso have a limited time, and a computer dialogue 
will generally be the fastest method, particularly, if one 
wants to give some feed-back to the expert about the.long 
term implications of certain assumptions, e.g. regarding 
growth rates. 
Furthermore, a computer dialogue has in this case the 
advantage that you only get the answers that you want. In 
particular, for our game, we want quantitative estimates, not 
qualitative opinions. A problem we have found, when usinq 
"man-expert dialogue" for the collection of data, is the 
following: The experts want to give only aualitative 
opinions, sometimes of a methodological character, in some 
cases not even related to the specific question. If a human 
would be like the computer, forcing a certain kind of answer, 
he would be considered very rude and, therefore, probably not 
be as successful as the computer in doing this task. 
Finally, the computer dial6gue method has the advantage 
of being usable in teleconferencing. Thus we could, from 
IIASA in Austria, obtain guestimates from experts in remotely 
located countries. This is of importance since we are inter- 
ested in modelling many different countries. 
3. GENERAL STRUCTURE OF THE MODEL 
The first consideration of importance is the size of the 
model. This is in turn mainly determined by the length of 
time that one can expect to involve the players or the experts 
in the dialogue. In order that the expert shall be expected 
not only to have the time to answer but also to hold his 
interest and give the best possible answers, the number of 
questions asked by the computer has to be fairly limited. 
From our experience with a similar dialogue system (~t2hl 1980) 
we believe that around thirty questions (excluding very simple 
yes/no questions) to be a practical maximum. 
These considerations limit the complexity of the cost 
model. We must look for a structure of the model that, within 
a given level of complexity (mainly given by the number of 
parameters), incorporates the most fundamental aspects of the 
cost relations. Therefore, suggestions for increased complexity 
with regard to one aspect should be mhtched by lower complexity 
regarding some other aspect. 
A further point is that we find it suitable, at least 
initially, to attempt to use the same model for - all countries. 
The use of several different cost models for the computer game 
would imply a more complex game model and with a given project 
time, decrease the time to be spent on game playing. 
Since the model has to be fairly simple, it must concentrate 
on those features which are the most important ones for the 
problem studied, i.e. the C02 question. This implies, e.g., 
that it is more important that the model is representative for 
underground mining than for surface mining. The reason for this 
is.that a serious C02 problem would most likely first occur 
after the burning of a cumulative amount of around one teraton 
of coal. The coal available from surface mines would probably 
constitute only a small portion of such a quantity. 
Furthermore, we have not made any distinction between 
"horizontal" and "vertical" location of mining seams. We have 
found it suitable to define all coal costs of the model as the 
costs of extracting the coal from the mine and bringing it to 
one specific location in each country. Since we are particularly 
interested in coal brought out on the world market and since a 
country's locally extracted coal sometimes will have to compete 
with imported coal, we will generally refer all costs of each 
country to one specific large port, generally located in an 
industrial area.* The important thing is that this approach 
leads to a far less complicated model than one which represents 
the mining of coal and the transport of coal within the country 
separately. Such a model would require some kind of optimizing 
routine. When expanding output, one would have to calculate, 
if the best strategy is to go deeper into the ground, i.e., get 
higher mining costs, or go further away and get higher transport 
costs. 
Since trade and hence also ocean shipping (including the 
loading of ships) will be covered in a separate trade model, 
the coal costs of this model will only cover extraction and 
transport within the country. This transport can be by train, 
by barges, or by pipe-line, e.g., in the form of slurry. 
In the latter case the coal costs would cover not only costs 
of adding water but also the de-watering process. 
*For some of the large players, e.g., the USSR and the US it 
might in later stages be necessary to divide the country Into 
two sections; e-g., for the US one section delivering to an 
east coast port, one to a west coast port. 
We shall furthermore for the sake of simplicity not make 
any distinction between different kinds of coal. All tons 
shall in principle be given in tce, (tons of coal equivalent). 
For bituminous coal one could very well use original metric 
tons, since it would involve only a very small difference, but 
for subbituminous coal and lignite etc, one would have to do 
corrections. 
AS regards the general structure of the model it appears, 
however, necessary to make a distinction between old and new 
mines. The main reason for making this distinction is to 
obtian a clear picture of the possible financial problems that 
can arise when coal production in a country rises rapidly and 
hence a large part of the production must come from new mines. 
New mines are characterized by large initial investments. 
Many of these investments, such as land purchases, development 
costs, investments in new railroads etc., have a very long 
life. Since each period of the game concerns five years or 
possibly even a decade, it appears suitable to use the following 
simplified treatment of the investments: 
All investments are divided into two categories. 
I. Those that are made at the opening of the new mine and 
have a fairly long life span, (e.g., at least 1 0  or 2 0  years). 
11. All other investments. 
~t appears that category I would in most cases represent 
the bulk of the investmentsinterms of present value. 
All category I costs are assigned to the period of the 
start of the new mine as investment costs. No depreciation 
is calculated, even if the costs also concern investments that 
would later be replaced. The error involved in this approx- 
imation is in this context small.* 
All category I1 investments, involving both replacements 
and more continuously made investments, e.g., reconstructions, 
for increasing efficiency, are lumped together with other non- 
wage costs. 
It should be stressed that we hence deal with all invest- 
ments as expenditures, rather than as traditional costs. 
Besides simplicity, this has the advantage of facilitating the 
above mentioned focus on the financial problems. 
*If one, for instance, assumes that some equipment is purchased 
only once and has an eternal life when it really is replaced 
every 2 0  years, at a constant price, then there is an error 
in the present value of 13  percent, if one calculates with a 
discount rate of 1 0  percent. For equipment with a 1 0  year 
life the error increases to 37 percent. The total error is, 
however, less, since life is not eternal and more importantly 
the machines with, e.g., 10-20  years life time constitutes only 
a smaller part of total investments. 
F i n a l l y  t h e  c o a l  c o s t  model c a n  b e  s e e n  a s  c o n s i s t i n g  o f  
two ma jo r  p a r t s :  
A .  A model f o r  c a l c u l a t i n g  t h e  c o a l  c o s t  o f  a  c e r t a i n  
c o u n t r y ,  f o r  a  c e r t a i n  p r o d u c t i o n  p o l i c y .  The o n l y  
i n p u t  i s  t h e n  t h e  p r o d u c t i o n  p o l i c y ,  b u t  a l l  t h e  
p a r a m e t e r s  a r e  g i v e n .  T h i s  i s  t h e  cost  f u n c t i o n  
model.  
B. A model f o r  e x t r a c t i n g  t h e  p a r a m e t e r s  o f  t h i s  model 
f rom t h e  e x p e r t  o r  t h e  p l a y e r .  T h i s  i s  t h e  model 
o f  t h e  computer  d i a l o g u e  sys t em.  
S i n c e  model B c a n n o t  b e  u n d e r s t o o d  w i t h o u t  knowledge o f  
model A ,  model A w i l l  b e  p r e s e n t e d  f i r s t ,  i n  t h e  n e x t  two sec- 
t i o n s  ( 4  and 5 1 ,  a l l o w i n g  u s  t o  r e t u r n  t o  model B i n  s e c t i o n  6 .  
4 .  COSTS I N  OLD MINES 
W e  f i r s t  have  t o  d i s t r i b u t e  t o t a l  p r o d u c t i o n  o f  a  c e r t a i n  
' y e a r  be tween p r o d u c t i o n  i n  o l d  mines  and  p r o d u c t i o n  i n  new mines .  
L e t  q t  b e  t h e  d e c i s i o n  s u p p l i e d  by t h e  p l a y e r s  on produc-  
t i o n  i n  p e r i o d  t .  F u r t h e r m o r e ,  s i n c e  an  i n c r e a s e  i n  p r o d u c t i o n  
above  c a p a c i t y  r e q u i r e s  i n v e s t m e n t s  i n  new c a p a c i t y ,  w e  d e f i n e  
p r o d u c t i o n  c a p a c i t y :  
q t  = max (q t - l  , q t )  
P r o d u c t i o n  t o  t a k e  p l a c e  i n  o l d  mines  i s  t h e n :  qy 
where q p  q t  , i f q < q  t- t - 1  
and 
n  P r o d u c t i o n  t o  t a k e  p l a c e  i n  new mines  i s  q  t r  
n  - 
where q t  = 0 I if q t 5  qt-1 
and 
W e  t h e n  assume a  p r o d u c t i o n  f u n c t i o n  f o r  t h e  o l d  p r o d u c t i o n  t o  
be d i v i s i b l e  i n t o  two components :  
1 )  Labor  c o s t s  
2 )  O t h e r  c u r r e n t  e x p e n s e s  
The l a b o r  c o s t s  p e r  t o n  p roduced  a r e  t h u s :  
where ht  i s  t h e  number o f  man h o u r s  r e q u i r e d  p e r  t o n  i n  p e r i o d  t. 
W i s  t h e  a v e r a g e  h o u r l y  wage r a t e  i n i t i a l l y  ( e - g .  1 9 8 0 )  and 
w i s  t h e  a n n u a l  p e r c e n t a g e  i n c r e a s e  i n  t h e  wage r a t e .  I n  c a s e  
of  p i e c e  r a t e ,  o n e  migh t  t h i n k  t h a t  t h e  deve lopment  o f  w s h o u l d  
depend on p r o d u c t i v i t y  changes .  S i n c e  we c o v e r  f a i r l y  long 
p e r i o d s ,  it i s  however more l i k e l y  t h a t  w f o l l o w s  t h e  g e n e r a l  
wage t r e n d  o f  t h e  c o u n t r y ,  and t h a t  w i s  f a i r l y  independen t  of  
p r o d u c t i v i t y  i n c r e a s e s  i n  j u s t  mining.  
I n  t h i s  c o n n e c t i o n  it shou ld  be  s t a t e d  t h a t  t h e  u s e r  i s  
f r e e  t o  c a l c u l a t e  i n  c o n s t a n t  p r i c e s  o r  i n  r e a l  p r i c e s .  The 
i m p o r t a n t  t h i n g  i s  t h a t  he i s  c o n s i s t e n t .  S i n c e  c o n s t a n t  
p r i c e s  a r e  u s u a l l y  e x p r e s s e d  i n  t e r m s  of  consumer p r i c e s ,  con- 
s t a n t  p r i c e  c a l c u l a t i o n  migh t  s t i l l  i n v o l v e  changes  i n  wages 
and p r i c e s  of  inves tment  goods.  
I t  remains  t o  d e f i n e  h t .  I n  o r d e r  t o  do  t h i s ,  w e  must 
f i r s t  d e f i n e  t h e  a v e r a g e  age  o f  t h e  mines i n  t h e  c o u n t r y  i n  
where A t  i s  t h e  l e n g t h  of  e a c h  p e r i c d  and a t - l  i s  t h e  a v e r a g e  
age  i n  t h e  p r i o r  p e r i o d .  Fur the rmore ,  w e  d e f i n e  t h e  change i n  
a v e r a g e  a g e  from t - 1  t o  t: 
W e  a l s o  d e f i n e  t h e  a v e r a g e  l a b o r  p r o d u c t i v i t y ,  i . e . ,  a t  t h e  end 
of  p e r i o d  t: 
o n  
where ht and ht r e f e r  t o  p r o d u c t i v i t y  i n  o l d  and new mines .  
W e  can t h e n  d e f i n e  t h e  a v e r a g e  p r o d u c t i v i t y  of  t h e  o l d  
mines i n  p e r i o d  t: 
0 - -kAtebAat ht - h t - p  
Hence, w e  have two d i f f e r e n t  t y p e s  o f  changes :  
Labor r e q u i r e m e n t  d e c r e a s e s  a n n u a l l y  by 100k p e r c e n t  due 
t o  l e a r n i n g  e f f e c t s  and s m a l l e r  c o n t i n u o u s l y  made i n v e s t m e n t s .  
k  i s  a  pa ramete r ,  ( l i k e  b ,  g ,  c e t c . ,  below) which i s  de te rmined  
i n d i r e c t l y  b y t h e c o m p u t e r  d i a l o g u e  p r e s e n t e d  i n  s e c t i o n  6 .  
Labor r e q u i r e m e n t  i n c r e a s e s  on t h e  o t h e r  hand due  t o  t h e  
o b s o l e s c e n c e  of t h e  mine and t h e  f a c t t h a t  w i t h i n  a  s p e c i f i c  
mine one has to go down to more deeply located coal seams as the 
mine gets older. 
bAat 
e I 
This is reflected in the factor 
implying that labor requirement increases with the increase of 
the average age of the mines by 100b percent of each year of age 
increase. 
For mines in which production is fairly constant year 
after year this implies that the labor requirement increases 
exponentially with cumulative production, e.g., as one goes 
down deeper and deeper in an underground mine. 
n The productivity in the new mines, ht, will be defined in 
section 5. 
As regards current non-wage costs, we have decided on 
keeping the model simpler. It appears that in most mines these 
costs are less important and we must, as mentioned, keep total 
complexity limited. The expression for the non-wage costs per 
ton are: 
M .gte-ct 
0 
where Mo is the cost of other resources currently used in the in- 
itial period (1980). 100 g is the annual percentage increase in 
the cost of other resources due to price increases. We assume 
that non-labor costs decrease annually by 100 c percent due to 
learning and smaller investments, but for the sake of simplicity, 
we do not allow these costs to change with the age of the mine. 
5. COSTS IN NEW MINES 
As regards the cost of production in new mines, we dis- 
tinguish between three components: Investment costs, wage 
costs and other current costs, which are added to obtain total 
costs in new mines. 
1) Investment costs: 
Before looking further at these, it should be remembered 
that the production decision might automatically involve an 
investment decision on new capacity qn since 
t 
L e t  u s  f i r s t  d e f i n e  t h e  i n v e s t m e n t  c o s t s  f o r  t h e  c z s e  o f  
c o n s t a n t  p r i c e s  f o r  i n v e s t m e n t  goods.  'Then  t h e  i n v e s t m e n t  c o s t s  
depend on  how w e l l  l o c a t e d  t h e  seams ( i n i t i a l l y  t o  b e  mined)  o f  
t h i s  new mine  are.  The measu re  o f  how w e l l  l o c a t e d  a  c o a l  seam 
i s  w i l l  b e  i n  t e r m s  o f  how l a r g e  a  p e r c e n t  o f  t o t a l  r e s o u r c e s  
have  been  u s e d  a t  t h e  t i m e  o f  t h e  s t a r t  o f  t h e  new m i n e ,  i . e . ,  
t o t a l  p r o d u c t i o n  up  t o  now, c a l l e d  s t ,  set i n  r e l a t i o n  t o  t o t a l  
r e s o u r c e s ,  R .  
~t s h o u l d  i n  t h i s  c o n n e c t i o n  b e  s t r e s s e d  t h a t  . ihe  d e f i n i t i o n  
o f  r e s o u r c e s  i s  a l l o w e d  t o  b e  a  v e r y  s u b j e c t i v e  o n e .  The 
i m p o r t a n t  t h i n g  i s  t h a t  o n e  g e t s  a  r e a s o n a b l e  deve lopmen t  o f  t h e  
c o s t  c u r v e  as o n e  g o e s  i n t o  less  w e l l  l o c a t e d  seams.  Hence t h e  
i m p o r t a n t  t h i n g  i s  t h a t  a s  t h e  f r a c t i o n  s t / B  g e t s  l a r g e r ,  t o t a l  
c o s t s  i n c r e a s e  s t e e p l y ,  e . g . ,  e x p o n e n t i a l l y .  I n  o r d e r  t o  o b t a i n  
s u c h  a n  i n c r e a s e  w e  u s e  a  m u l t i p l i e r :  
e m s t / R  
For  a  s i m i l a r  f u n c t i o r ?  see Grenon (1979 ,  p.. 9 2 ) .  
s i s  s i m p l y  c a l c u l a t e d  a s :  t 
t - 1  
where  so i s  t o t a l  p r o d u c t i o n  u p  t o  now ( e - g . ,  1 9 8 0 ) .  
W e  n e x t  d e f i n e  IO a s  t h e  i n v e s t m e n t  c o s t s  when 0  p e r c e n t  
o f  r e s o u r c e s  have  been  u s e d .  The i n v e s t m e n t  c o s t s  a t  t i m e  t ,  
I,, ( a s suming  no p r i c e  i n c r e a s e  f o r  i n v e s t m e n t s l w h e n  100 s t / R  
p e r c e n t  o f  r e s o u r c e s  have  b e e n  used  a r e  t h e n  I e 
0  mst/R. S i n c e  
t h e  i n v e s t m e n t  c o s t s  I a t  a  t i m e  wnen 100 s g / R  p e r c e n t  o f  re- 
s o u r c e s  have  been  u s e d  a r e  Ioe msO/R,  w e  have  t h a t  IO = Ie -mso /R  
. . 
Hence it c a n  be  w r i t t e n  a s  Ie m ( s t - s o ) / R  
S i n c e  w e  f u r t h e r m o r e  want  t o  a l l o w  i n v e s t m e n t  c o s t s  p e r  
t o n  t o  change  a n n u a l l y  by 100 i p e r c e n t ,  w e  w r i t e  t o t a l  i n v e s t -  
n  ment c o s t s ,  r e s u l t i n g  f rom a  p r o d u c t i o n  o f  q t  a s  
2 )  Wage c o s t s  
W e  h e r e  f i r s t  have  t o  d e p i c t  t h e  p r o d u c t i v i t y  a t  t h e  t i m e  
o f  t h e  s t a r t  o f  t h e  new mine :  
This productivity is dependent first of all on a technical 
progress component, allowing for, e.g., a 100 k percent annual 
decrease in man-power requirement, for simplicity the same as 
in old mines. Furthermore, we allow for a decrease in produc- 
tivity, i.e., an increase in man-power requirement due to less 
easily accessible mines. We here assume that man-power per ton 
increases exponentially with the percentage of resources used, 
in a way similar to how investment costs rise. 
Hence we write: 
h: = hn e m'(st-so)/Re-kt, where m' is a constant similar 
to m above? The total wage cost in new mines is 
3) Other current costs 
For the sake of simplicity, we here assume the same 
development as regards the old mines. 
6. INTERACTIVE MODEL FOR ESTIMATING THE PARAMETERS 
With the mathematical form of the model given, it is the 
task of the experts/players to determine the parameters. This 
is done in a man-computer dialogue. The best way to report on 
this is to present the printout of a dialogue session with 
comments. This is presented in an appendix. 
It should be mentioned that the user has received some 
prior information, roughly equivalent to that given in this 
article, regarding e.g., the interpretation of the words "ton", 
"resourcesll, "prices", etc. 
In the left margin of the computer printout we have set 
out figures at the questions (given by the computer) and symbols 
at the answers (given by the player). These figures and symbols 
are not part of the computer dialogue, but written out as an 
"interface" between the computer printout and comments. 
It should be mentioned that in the example the starting 
year to is 1980. 
In (1 ) (question 1 ) , the age A. is determined. In ( 2 )  W, 
the wage rate at time to is read. In (3) and (4) a year T and 
a wage W1 are given. Then w is computed as ln(W1/W)/(T-to). 
It should here be stressed that T can be either a historical 
year (e.g. 1975),allowing historical data to be used for W or a 
year in the future in which case one would use some other fore- 
cast for W1. (If one happens mainly to think directly in terms 
of percentage changes one can set T to tO+l, e . g . ,  1981.) 
In order to show the partial forecast that comes from these 
parameters, weWt is presented for t = to, t0+5 etc. 
(For reasons of space we present in the appendix only the first 
two years and the last year of the forecast.) 
After this forecast, as well as after every other fore- 
cast, the computer gives the player a chance to revise the 
parameters responsible for the forecast. Hence, if he answers 
NO, the computer will in this case bring him back to (2). 
Next at (6) - (8) and at (10) we input 
h:, TI hl and h2. 
k =-ln(h2/h:)/10 and b = k+ln(hl/h:)/(~-to) are then 
computed. 
The computer at (9) and (1 1 ) makes the forecasts of 
0 -kt 
'b-k)t and hoe hoe for t = etc. 
Next at (12) - (14) and at (16) we inputM TI M1t M2 0 ' 
and we obtain c=-ln(M /M )/lo: g = c + ln(M1/MO)/(T - to)- 2 0 
At (1 5) and (17) we obtain forecasts of Moe ('-It and Moe -ct 
for t = t t0+5 etc. 0 ' 
If we have proceeded this far with all partial forecasts 
acceptable, we make a forecast of how the total costs per ton 
in old mines will develop over time. If this forecast is not 
acceptable one is brought back to (1). 
Otherwise one continues to the questions regarding new 
mines. Here at (19) one inputs so and at (20) R. The computer 
checks that this is the desired value s /R. 0 
Next at (22) one supplies I and at (23) and (24) T and I,. 
The investment price change i is next computed as ln(Il/I)/(T-to). 
Then a forecast leit is presented for t = to, t0+5 etc. 
At (26) one states 12, the investment at a level 
- 
s = min(max(2so/R,0.2),0.1). On the basis of this we compute 
- 
m as ln(1~/1)/(; - so/R). 
Next a forecast is given for Ie -msa/Rems for s = 0.05, 
0.15 etc. In order to check that this really is the desirable 
value of m we reverse the presentation, talking of remaining 
resources, instead of used ones. 
Next we proceed to productivity development in new mines. 
n  A t  ( 2 8 )  w e  i n p u t  ho and  a t  ( 2 9 )  h3,  i . e . ,  t h e  manpower 
r e q u i r e m e n t ,  i f  100 s p e r c e n t  o f  r e s o u r c e s  have  b e e n  used .  
m 1  i s  t h e n  computed as l n (h3 /h : ) / ( ; -S~ /R) .  A f o r e c a s t  i s  t h e n  
g i v e n  o f  how p r o d u c t i v i t y  c h a n g e s  w i t h  r e m a i n i n g  r e s o u r c e s  by 
n  - m s o  m ' s  g i v i n g  h  e 0  e f o r  s = 0 . 0 5 . ,  0 .15  e tc .  
T h i s  c o m p l e t e s  t h e  r e a d  i n  o f  t h e  p a r a m e t e r s  o f  t h e  new 
mine.  Next t h e  compu te r  g i v e s  a  f u l l  f o r e c a s t  o f  t h e  d e v e l o p -  
ment o f  c o s t  p e r  t o n  o f  a  new mine.  S i n c e  t h i s  cost i n  a  cer- 
t a i n  y e a r  i s  d e p e n d e n t  n o t  o n l y  o n  t h e  y e a r ,  b u t  a l s o  o n  e a r l i e r  
p r o d u c t i o n ,  t h e  compu te r  a s k s  f o r  a  f u l l  p r o d u c t i o n  p l a n  w i t h  
qt 
= qoezt '  where  100 z ,  a s k e d  f o r  i n  ( 3 2 ) .  i s  t h e  a n n u a l  
i n c r e a s e  i n  p r o d u c t i o n .  
The compu te r  - t h e n ,  f o r  e a c h  y e a r ,  c a l c u l a t e s  st ,  i . e . ,  
cummula t ive  p r o d u c t i o n  up  t o  now. On t h e  b a s i s  o f  t h i s ,  i t  
c a l c u l a t e s  p r o d u c t i v i t y  a s  w e l l  a s  i n v e s t m e n t  c o s t s  p e r  t o n  i n  
a  new mine.  F i n a l l y ,  by a d d i n g  up  i n v e s t m e n t  c o s t s ,  wage c o s t s  
and  c u r r e n t  non-wage c o s t s ,  t o t a l  c o s t s  p e r  t o n  i n  a  new mine  
a r e  c a l c u l a t e d  and  p r e s e n t e d  f o r  t = t , t 0 + 5  etc .  0  
One i s  t h e n  a l l o w e d  t o  r e p e a t  t h i s  f o r e c a s t  w i t h  d i f f e r e n t  
p r o d u c t i o n  f i g u r e s ,  by g o i n g  back  t o  ( 3 1 ) .  I f  o n e  i s  n o t  
s a t i s f i e d  w i t h  some p a r a m e t e r ,  o n e  c a n  g o  back  t o  ( 1 9 ) .  
O t h e r w i s e ,  o n e  h a s  come t o  t h e  l a s t  p h a s e  a t  ( 3 5 )  when 
one  c a n  t e s t  r u n  t h e  t o t a l  model  by o n c e  a g a i n  s p e c i f y i n g  a  
p r o d u c t i o n  p l a n ,  q o e  Z t ,  i n  ( 3 5 )  and ( 3 6 ) .  One a l s o  h a s  t o  
- 
s p e c i f y  p r e s e n t p r o d u c t i o n  c a p a c i t y ,  q - l ,  i n  o r d e r  t o  d i v i d e  
0 t o t a l  p r o d c u t i o n  q  i n t o  qn and  q  . 
One t h e n  o b t a i n s  a  f o r e c a s t  w i t h  two c o s t  f i g u r e s ,  o n e  
p e r  t o n  and  one  o f  t o t a l  c o s t s .  One t h e n  g e t s  a c h a n c e  t o  t r y  
a  new p r o d u c t i o n  p o l i c y ,  by g o i n g  back  t o  ( 3 5 ) .  F i n a l l y ,  
i f  o n e  i s  n o t  s a t i s f i e d  o n e  c a n  g o  back  t o  ( 1 )  and s t a r t  t h e  
whole  p r o c e s s  o v e r .  O t h e r w i s e  t h e  d i a l o g u e  i s  f i n i s h e d  and 
t h e  f i n a l  p a r a m e t e r  v a l u e s  a r e  s a v e d .  
I t  s h o u l d  f i n a l l y  b e  men t ioned  t h a t  w e  have  up t o  now 
o n l y  made a  few t e s t s  o f  t h i s  model and it i s  q u i t e  l i k e l y  t h a t  
w e  w i l l  r e v i s e  it a s  w e  g a i n  more e x p e r i e n c e .  W e  welcome any 
comments. 
APPEKDIX A: EXAFPLE OF A COMPUTER DIALOGUE S E S S I O N  
estimate a v e r a g e  a g e  o f  mines  i n  1980 
20 
estimate wage p e r  h o u r  i n  c o a l  m i n i n g  i n  1980 
8 
f o r  e s t i m a t i o n o f w a g e  p e r  h o u r  i n  coal m i n i n g  a n y  o t h e r  
y e a r  t h a n  1980 
s t a t e  y e a r  
1975 
e s t i m a t e  wage r a t e  y e a r  1975 
6 .  S 
you h a v e  made t h e  f o l l o w i n g  f o r e c a s t  f o r  
wa e - r a t e  
1910:  8 .00  
1985:  9 .85  
2030: 63.81 
i s  t h i s  a c c e p t a b l e ?  i f  y e s  p u s h  r e t u r n  b u t t o n  
i f  no  p r i n t  no  
e s t i m a t e  f o r  t y p i c a l  o l d  mine o f  a v e r a g e  a g e  man 
h o u r  r e q u i r e m e n t  p e r  t o n  i n  1980 
0  - 9  
estimate f o r  same t y p i c a l  mine man h o u r  r e q u i r e m e n t  
p e r  t o n  i n  some o t h e r  y e a r  
s t a t e  y e a r  
s t a t e  man h o u r s  p e r  t o n  
( 9 )  you have made the following forecast for man hour 
requirement 
1 9 8 0 :  0 . 9 0  
1 9 8 5 :  0 . 9 5  
2 0 3 0 :  1 . 5 9  
is this acceptable? if yes push return button 
if no print no 
( 1 0 )  estimate what hypothetical man hour requirement in this 
mine would be in 1 9 9 0  provided one then has not gone 
to significantly less well located seams 
h2 0 . 7 5  
( 1 1 )  for the hypothetical case of no change in seam location 
you have made the following forecast for man hour 
requirement 
1 9 8 0 :  0 . 9 0  
1 9 8 5 :  0 . 8 2  
2 0 3 0  0 . 3 6  
is this acceptable? if yes push return button 
if no print no 
( 1 2 )  estimate total non-wage costs per ton in 1 9 8 0  
( 1 3 )  estimation of total non-wage cost per ton given year 
state year 
T 1 9 7 5  
( 1  4 )  state costs 
M~ 3.. 6  
( 1 5 )  you have made the following forecast for 
total non-wage costs : 
1 9 8 0 :  4 . 0 0  
1 9 8 5 :  4 . 4 4  
2 0 3 0 :  1 1 . 4 7  
is this acceptable? if yes push return button 
if no print no 
( 1 6 )  give hypothetical estimate of total non-wage costs per 
ton in 1 9 9 0  provided all prices remain constant 
M2 4 . 2  
( 1 7 )  for hypothetical case of no price increases 
you have made the following forecast for 
total non-wage costs : 
1 9 8 0 :  4 . 0 0  
2 0 3 0 :  5 . 1 1  
is this acceptable? if yes push return button 
if no print no 
( 1 8 )  you h a v e  made t h e  f o l l o w i n g  f o r e c a s t  o f  t h e  d e v e l o p m e n t  o f  
t o t a l  c o s t s  p e r  t o n  o f  t y p i c a l  o l d  m i n e  e x i s t i n g  1980 
1980:  1 2 . 0 0  
1985:  14 . 87  
2030 124 . 48  
i s  t h i s  a c c e p t a b l e ?  i f  y e s  p u s h  r e t u r n  b u t t o n  
i f  n o  p r i n t  no  
( 1 9 )  how much coal h a s  b e e n  p r o d u c e d  o v e r  t h e  y e a r s  u p  t o  
now i n  m i l l i o n s  o f  t o n s  
s 12000 0  
( 2 0 )  how l a r g e  are t o t a l  coal r e s o u r c e s  i n  m i l l i o n s  o f  t o n s  
R 100000 
( 2 1 )  1 2 . 0 0  p e r c e n t  o f  y o u r  r e s o u r c e s  h a v e  S e e n  u s e d  
i s  t h i s  a c c e p t a b l e ?  i f  y e s  p u s h  r e t u r n  b u t t o n  
i f  n o  p r i n t  n o  
( 2 2 )  estimate i n v e s t m e n t  costs i n  1980 p e r  t o n  f o r  new mi n e  
I 80 
( 2 3 )  estimate i n v e s t m e n t  costs i n  some o t h e r  y e a r  f o r  t y p i c a l  
new m ine  p r o v i d e d  it c o n c e r n s  e q u a l l y  w e l l  l o c a t e d  coal 
seams 
s t a t e  y e a r  
T 1975 
( 2 4 )  s t a t e  i n v e s m e n t  costs  
I1 70 
( 2 5 )  r e g a r d i n g  i n v e s t m e n t  w i t h  l o c a t i o n  a s  i n  1980  
you h a v e  made t h e  f o l l o w i n g  f o r e c a s t  f o r  
i n v e s t m e n t  c o s t s  
1980: 80 . 00  
1985:  91 . 43  
2030: 304.10 
i s  t h i s  a c c e p t a b l e ?  i f  y e s  p u s h  r e t u r n  b u t t o n  
i f  n o  p r i n t  n o  
( 2 6 )  estimate h y p o t h e t i c a l  i n v e s t m e n t  c o s t  1980  i f  y o u  
a l r e a d y  u s e d  24 .00  p e r c e n t  o f  r e s o u r c e s ,  i . e . ,  2 4 0 0 0  
m i l l  t o n s  
I2 130 
( 2 7 )  r e g a r d i n g  i n v e s t m e n t  c o s t s  
you h a v e  made t h e  f o l l o w i n g  f o r e c a s t  f o r  c h a n g e s  
d u e  t o  c h a n g e s  i n  p e r c e n t a g e  o f  r e m a i n i n g  coal r e s o u r c e s  
r e m a i n i n g  p e r c e n t a g e  cost 
95.00 p e r c e n t  60.26 
85.00 p e r c e n t  90.32 
35 .00  p e r c e n t  682 .90  
i s  t h i s  a c c e p t a b l e ?  i f  y e s  p u s h  r e t u r n  b u t t o n  
i f  n o  p r i n t  n o  
( 2 8 )  g i v e  man h o u r  r e q u i r e m e n t  p e r  t o n  i n  1980  
when 1 2 . 0 0  p e r c e n t  o f  c o a l  u s e d  
h i  0 . 8  
(29 )  estimate man hour  r e q u i r e m e n t  i n  new mine i f  o n e  t o d a y  had 
used  24.00 p e r c e n t  o f  c o a l  r e s o u r c e s  i . e . ,  24000 m i l l  t o n  
h3  1 . 3  
30)  r e g a r d i n g  man power r e q u i r e m e n t  p e r  t o n  
you have  made t h e  f o l l o w i n g  f o r e c a s t  f o r  c h a n g e s  d u e  
t o  c h a n g e s  i n  p e r c e n t a g e  o f  r e m a i n i n g  c o a l  r e s o u r c e s  
r e m a i n i n g  p e r c e n t a g e  c o s t  
95.00 p e r c e n t  0.60 
85.00 p e r c e n t  0 .90  
35.00 p e r c e n t  6 .82 
i s  t h i s  a c c e p t a b l e ?  i f  y e s  push  r e t u r n  b u t t o n  
i f  no  p r i n t  no 
( 3 1 )  t o  t es t  y o u r  a s s u m p t i o n s  r e g a r d i n g  c o s t s  of  new mines  
g i v e  i n i t i a l  a n n u a l  p r o d u c t i o n  i n  m i l l i o n s  o f  t o n s  
90 700 
( 3 2 )  g i v e  a n n u a l  i n c r e a s e  i n  p r o d u c t i o n  i n  p e r c e n t a g e  
z 1 . 5  
( 3 3 )  you have  now made t h e  f o l l o w i n g  f o r e c a s t  f o r  t h e  
deve lopment  o f  t o t a l  cos t  p e r  t o n  i n  t y p i c a l  new mine 
1980 90.40 
1985 118.81 
2030 2710.68 
do  you want  t o  t r y  w i t h  d i f f e r e n t  p r o d u c t i o n  f i g u r e s ?  
( 3 4 )  d o  you want  t o  p u t  i n  new p a r a m e t e r s  f o r  c a s e  o f  new mines  
( 3 5 )  t o  t e s t  t o t a l  model 
g i v e  i n i t i a l  a n n u a l  p r o d u c t i o n  i n  m i l l i o n  o f  t o n s  
9 0  700 
( 3 6 )  g i v e  a n n u a l  i n c r e a s e  i n  p r o d u c t i o n  i n  p e r c e n t a g e  
z 1 . 5  
( 3 2 )  g i v e  t o t a l  p r o d u c t i o n  c a p a c i t y  a t  s t a r t  o f  1980 
q-1800 
( 3 8 )  y e a r  cost  t o t a l  p r o d u c t i o n  t o t a l  cos t s  
p e r  t o n  ( m i l l i o n  t o n s )  ( i n  m i l l i o n s )  
1980 11.20 700 7840 
1985 13.83 754 10432 
do  you want  t o  t r y  w i t h  d i f f e r e n t  p r o d u c t i o n  f i g u r e s ?  
( 3 9 )  i s  t h i s  a c c e p t a b l e ?  i f  y e s  push r e t u r n  b u t t o n  
i f  no p r i n t  no 
APPENDIX B: STATISTICS ON COAL RESOURCES 
Table 1. Carbon wealth in ~ t ~ .  
Reserves Resources 
Coal 430 7000 
Oil 
Gas 30 looC 
Tropical moist 
forests 
a ( 1  Gt = 1 billion metric tons = lo9 metric tons) 
b~ossibly a maximum of 500 Gt from unconventional sources, 
such as shale oil. 
C A possible maximum of Gt from unconventional gases. 
SOURCE: Ausubel ( 1980) . 
Table 2. Approximate World Distribution of Coal Resources 
(in gigatons carbon) 
Huge holdings Large holdings Small holdings 
USSR 3300 Australia 180 
U.S. 1700 FRG 170 
China 1000 UK 110 
Poland 80 
Canada 80 
Botswana 70 
India 40 
South Africa 40 
Czechoslovakia 
Yugoslavia 
Brazil 
GDR 
Japan 
Colombia 
Zimbabwe 
Mexico 
Swaziland 
Chile 
Indonesia 
Hungary 
Turkey 
Netherlands 
France 
Spain 
North Korea 
Romania 
Bangladesh 
Venezuela 
Peru 
SOURCE: Based on data from World Energy Conference (1978). 
Very rough estimate of carbon wealth in Gt has been 
obtained by multiplying coal resources in 109 tons 
coal equivalent by carbon fraction of 2/3. 
REFERENCES 
Grenon, M., (1979). Future Coal Supply for the World Energy 
Balance. IIASA proceedings series, Pergamon. 
IIASA, (1981) "Energy in a Finite World". Vols. 1 + 2, 
~allinger, Cambridge. 
0 Stahlt I., (1980). A New Method for the Computation of 
Optimal Equipment Life. Ekonomen, 1, pp. 13-19. 
(In Swedish) 
Williams, J., (1978). Carbon Dioxide, Climate and Society, 
IIASA proceedings series, Pergamon. 
World Coal Study (WOCOL) (1980). COAL-Bridge to the Future, 
Ballinger, Cambridge, Mass. 
